ABSTRACT
INTRODUCTION
Many amplification assays used with forensic evidence perform best within a narrow range of human DNA template concentration. For the most commonly used short tandem repeat multiplexes, including the PowerPlex ® 16, 1.1, and 2.1 Multiplex Systems (Promega, Madison, WI, USA), AmpFLSTR ® COfiler ® , Profiler Plus  , and Identifiler PCR Amplification Kits (Applied Biosystems, Foster City, CA, USA), the preferred DNA template window is 0.5-2.0 ng (4, 6, 11, 12, 15, 20) . If too little human DNA is included for amplification, then peak height imbalance or allele dropout can occur (7, 8, 10) . With too much human DNA, the appearance of artifacts such as increased stutter percentage, nonspecific band creation, and lack of non-template addition can increase the difficulty of interpretation (5) .
For the evaluation of forensic casework samples, the DNA Advisory Board to the Federal Bureau of Investigation recommends primate-specific quantification rather than total DNA quantification for forensic casework applications (www.cstl.nist.gov/biotech/strbase/dabqas.htm). Samples obtained in the field may contain contaminating bacterial, fungal, or other nonhuman contributions to the total DNA in the sample. However, the performance of the amplification systems used for DNA typing depends on the presence of human DNA within a particular range rather than total DNA. Thus, improved methods for the precise, reliable, and quantifiable measurement of human DNA present are constantly being sought.
Many quantification assays are available to define the total amount of DNA present in a sample (1, 9, 17, 19, 22, 23) . However, for primate-specific quantification, most commonly used methods depend on the determination of the amount of a defined repeated sequence within the D17Z1 locus of the sample (24, 25) . Current techniques employ the cumbersome slot blot hybridization processes, followed by time-consuming film development or the use of expensive image analysis instruments (3, 16) . These approaches have an approximate capacity of 40 samples per filter and require the analyst to be present for nearly all of the more than 4 h to complete the assay. While these approaches have been widely employed, a recent study with mixed stain analysis concluded that imprecision in primate-specific template quantification accounted for a large portion of the variability in sample amplification success rates among different laboratories (5) .
The need for improved precision, plus the growing demand for highthroughput approaches, encouraged us to develop and characterize a novel method to quantify the primate-specific component of a DNA sample. Our method relies on the PCR amplification of a defined region of the human TH01 locus (4). Amplification using human-specific primers creates the dominant component of a sample, even in the presence of nonhuman sources of DNA. Following amplification, the products are labeled with PicoGreen ® dye (Molecular Probes, Eugene, OR, USA), which binds almost exclusively to dsDNA and increases in fluorescence output upon binding. Thus, the assay may be performed in a microplate, and no separation steps are required. The amount of bound dye is measured with a fluorometer and compared to the fluorescent output from a set of DNA standards across the template range of interest. Quantitative output is transferred to a Microsoft ® Excel ® spreadsheet that has been created to simplify and accelerate the data analysis. Various attributes of the primate-specific assay were compared with a commercial human-specific hybridization quantification method and a total dsDNA quantification method.
MATERIALS AND METHODS

Genomic DNA
Human DNA (GenBank ® accession nos. GM09947 and GM09948) was obtained from Coriell Laboratory (Camden, NJ, USA). Purified rhesus monkey, rabbit, Saccharomyces cerevisiae (BD Biosciences Clontech, Palo Alto, CA, USA), E. coli (Sigma, St. Louis, MO, USA), and Candida albicans (ATCC, Manassas, VA, USA) DNA was used for the species specificity studies.
Quantification Protocols
Concentrations of the nonhuman DNA samples were provided by manufacturers. Human DNA concentrations were confirmed by spectrophotometric absorbance measurements taken at 260 and 280 nm (Spectrophotometer DU 640; Beckman Coulter, Fullerton, CA, USA). All DNA dilutions were performed in TE -4 (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA).
Total dsDNA quantification (called "total DNA assay" in this work) was performed by a modification of the method described in the PicoGreen product insert (13) . Briefly, a 1000-fold dilution of the stock PicoGreen reagent was prepared as the working solution. Ninety-nine microliters of TE -4 were added to each well of a 96-well Cytoplate (Applied Biosystems), except to the wells containing the standards. DNA standards were prepared with TE -4 (40, 20, 10, 7, 4, 2, 1, 0.7, 0.4, 0.2, and 0.1 ng) in a total volume of 100 µL. After the standards were added to their assigned wells, 1 µL sample DNA was transferred to the remaining wells. Finally, 100 µL PicoGreen working solution were added to each well, followed by thorough mixing. After a 5-min incubation under aluminum foil, the microplate was loaded into a CytoFluor ® 4000 Multi Well Plate Reader (PerSeptive Biosystems, Framingham, MA, USA). The assay was performed with a gain setting of 80, excitation at 485 nm, and emission at 530 nm. The fluorescence data were exported to an Excel spreadsheet template that compared the sample DNA to a linear plot generated by the standards. Each sample concentration was measured in ng/µL. Primate-specific quantification by slot blot hybridization was employed using the QuantiBlot ® Human DNA Quantitation Kit (Applied Biosystems), according to the product insert, except that ChemiGlow chemiluminescent reagent (Alpha Innotech, San Leandro, CA, USA) was used as the detection reagent (16) . Blots were exposed to Hyperfilm ECL (Amersham Biosciences, Piscataway, NJ, USA) and developed for 1 h.
The primate-specific assay was performed in 25-µL reactions containing 1 µL unknown DNA sample or known DNA standard at 40, 20, 10, 7, 4, 2, 1, 0.7, 0.4, 0.2, or 0.1 ng/µL, respectively, 0.3× TH01 Primer Pair (TH01 Silver STR Kit; Promega), 1× GoldST*R Buffer (Promega), and 0.75 U AmpliTaq Gold ® Polymerase (Applied Biosystems). Amplification was per- formed using a GeneAmp ® PCR System 9700 Thermal Cycler (Applied Biosystems) in 9600 emulation mode, with cycling conditions as follows: hold at 95°C for 11 min, and then 96°C for 1 min, followed by 10 cycles of 94°C for 30 s, 60°C for 30 s with a 68-s ramp (33%), and 70°C for 45 s with a 50-s ramp (13%); 20 cycles of 90°C for 30 s, 60°C for 30 s with a 60-s ramp (33%), and 70°C for 45 s with a 50-s ramp (13%); hold at 60°C for 30 min, and then at 4°C until the sample is stored at 4°C to 20°C. Amplification product analysis was performed as described earlier for the total DNA assay, except that 2 µL amplified DNA were mixed with 98 µL TE -4 before mixing with the PicoGreen working solution. A detailed protocol is available from The Bode Technology Group (Springfield, VA, USA) at www.bodetech.com.
The Excel spreadsheet for the semiautomated calculation of sample DNA concentrations employs the trendline function with a third-order polynomial fit of data points from the standard DNA series (Figure 1) . A trendline created from the 20-ng and lower standards is used for the values less than or equal to 20 ng. A second trendline from all standards is used to calculate values greater than 20 ng. Each unknown DNA sample was quantified mathematically using the Excel-generated equations that fit these trendlines.
RESULTS
We utilized the DNA-binding properties of the PicoGreen dye and the primate specificity of the TH01 amplification to develop a reliable and efficient method for DNA quantification in forensic samples. During development, we minimized the background fluorescence and determined the optimal cycle number, dye concentration, and primer concentration. We also demonstrated the species specificity of the assay.
Assay Development: Optimization of Signal-to-Noise Ratio
The PicoGreen dye preferentially binds dsDNA but also binds less efficiently to other products that are normally present in a forensic sample. In addition, nonspecific sources such as the microplate carrying the assay components, input primers, and unintended amplification products such as primer dimers may generate undesired background fluorescence.
To determine the maximum working range using the lowest concentration of the dye, we compared the use of 100%, 60%, 30%, 20%, or 10%, respectively, of the manufacturer-recommended concentration of the PicoGreen dye for dsDNA detection. The fluorescent signal produced in the absence of the DNA sample (i.e., the interfering background) was similar in each PicoGreen dye concentration that was tested. All tested dye concentrations (except 10%) generated an increase in fluorescent output up to 40 ng of the unamplified input DNA ( Figure  2 ). We selected 20% of the recommended amount to make efficient use of the dye while providing linear signal-response over the range from 0.1 to 40 ng input dsDNA.
We compared Cytoplates (a low fluorescence microplate; Applied Biosystems) and the Falcon (a standard fluorescence microplate; BD Biosciences, San Jose, CA, USA) 96-well microplates containing only TE -4 buffer. In general, the Falcon microplates produced background fluorescent signals ranging from 900-1250 relative fluorescent units (RFU), while the Cytoplates produced 200-350 RFU of background fluorescence. The Cytoplates also displayed substantially more wellto-well consistency, making them more appropriate for this type of quantitative assay (data not shown).
We speculated that using less primer in the reaction would also generate lower background fluorescence by limiting the input primer directly and by generating fewer primer dimer artifacts. Therefore, we compared the amplification products using the amount recommended by the manufacturer versus 50%, 30%, 20%, 10%, and 5% of that amount. Decreasing the input primer in the reaction had the desired effect of lowering background fluorescence ( Figure 3) . We selected 30% of the manufacturer-recommended amount for TH01 amplification because this lowered the negative-control amplification product background by approximately half, but still provided an increasing fluorescent signal according to product formation in the range from 0.1 to 40 ng DNA template.
We speculated that if the primers Research Report generated little or no primer dimer during amplification, then increasing the number of amplification cycles would provide more amplification product, again increasing the discrimination between signals (i.e., amplified TH01 product) over all sources of background fluorescence. We compared 26, 27, 28, and 30 cycles and selected 30 cycles as our final assay condition (data not shown).
Assay Validation: Sensitivity, Reproducibility, Accuracy, and Precision
We determined the sensitivity of the assay using known sample amounts over a range from 0.1 to 40 ng DNA. The GM09947 and GM09948 DNA templates were each tested twice over this entire range. Figure 4 displays the fluorescent output of the amplification products of each sample. Samples containing as much as 40 or as little as 0.2 ng DNA generated a signal that allowed for quantification. This covers the working range for most forensic samples in our laboratory.
The replicate titration series generated similar fluorescent output with each template amount. With small amounts of sample DNA, there was an approximate linear correlation between the sample input and fluorescent output. As template amount increased, it appears that either the PCR assay components or the PicoGreen dye itself became limiting and doubling the amount of template resulted in a less than doubling of the fluorescent signal from the amplified product.
While this assay is also useful for approximating the amount of DNA present in samples containing more than 40 ng DNA template, there is less precision with these higher amounts (data not shown). For optimal accuracy with highly concentrated samples, we recommend diluting the sample into the range from 1 to 40 ng before the amplification step of the assay.
Concentrated samples of GM09947 and GM09948 human DNA, respectively, were tested with the assay 12 times each using either 1 or 10 ng DNA templates, respectively. The assay was very reproducible. The average determination for the 10-ng sample of GM09947 was 10.34 ng with an SD of 1.26 ng, and the average determination for the 10-ng sample of GM09948 DNA was 10.54 ng with an SD of 0.84 ng. For the 1-ng samples, the determinations were 1.09 with an SD of 0.14 ng, and 1.12 with an SD of 0.14 ng, respectively.
Species Specificity
Previous work demonstrated the primate-specific nature of TH01 amplification using the same primer sequences employed in this assay (4) . In fact, DNA from primates closely related to humans (e.g., gorilla and chimpanzee) supports amplification while DNA from rhesus monkey and more distantly related primates, other mammals, fungi, and bacteria does not amplify (4). Our species-specificity analyses are consistent with these previously published results.
Several mixtures containing both human and nonhuman DNA templates were prepared. Nonhuman DNA sources consisted of E. coli, S. cerevisiae, rabbit, dog, and rhesus monkey. Human DNA and nonhuman DNA were mixed in the following amounts for testing: 0 ng human with 40 ng nonhuman; 0.4 ng human with 39.6 ng nonhuman; 2 ng human with 38 ng nonhuman; 10 ng human with 30 ng nonhuman; 20 ng human with 20 ng nonhuman; or 40 ng human with 0 ng nonhuman DNA for each nonhuman DNA, respectively. When 2 ng or more human DNA were present, results in the presence or absence of nonhuman DNA were very similar ( Figure 5 ). When less than 2 ng human DNA were present, the amplified product from 40 ng nonhuman DNA increased the background fluorescence equivalent to the amplification signal of approximately 1 ng human DNA. This effect became less significant to the interpretation of the result with the inclusion of increasing amounts of human DNA.
DISCUSSION
Human-specific quantification of DNA derived from sample material is an important aspect of forensic DNA analyses. When dealing with forensic evidence, human and animal mixtures are relatively uncommon. However, certain kinds of evidence may be susceptible to bacterial contamination based on the age, storage, and location of the sample. Human-specific quantification methods assure the appropriate amount of DNA is prepared for multiplex amplification assays, even with samples compromised by bacterial or other DNA contaminants.
We developed, characterized, and validated a method to determine the amount of human DNA present in a sample that may also contain nonhuman DNA components. The method was designed to detect from 0.2 to 40 ng human DNA in a sample, an amount commonly seen in forensic work. Higher sample amounts can be accurately determined by the dilution of the sample before the amplification step, and lower amounts can be determined by the inclusion of up to eight times more sample extract volume in the amplification reaction (data not shown). The assay was designed to limit the fluorescent background from assay components such as microplates, primers, primer dimers, or the dye itself. In addition, we have demonstrated that the inclusion of nonhuman DNA from dog, rhesus monkey, rabbit, S. cerevisiae, E. coli, and C. albicans has little effect on interpretation. The likely cause of the minimal interference observed is the relatively inefficient binding of the PicoGreen dye to the denatured genomic DNA present in the assay.
A limitation to interpretation with this assay is its basic reliance on the amplification process for accurate quantification. Amplification inhibitors within a prepared DNA sample are expected to yield an underestimate of the amount of DNA in that sample. On the other hand, this "limitation" of the assay also offers an advantage versus other primate-specific quantification methods because the result may act as a better predictor of actual amplification yield expected with subsequent analysis using short tandem repeat multiplex kits. In practice, accurate primate-specific quantification is most helpful with DNA samples that contain large amounts of human DNA because these must be diluted properly before use. Samples that contain very little human DNA will often be used in their entirety, regardless of the precise amount present.
Important features of the primatespecific assay include the speed and compatibility with high-throughput analyses. All steps may be performed in a 96-well format. Thus, 12-channel pipettor or robotic transfer of 96 samples at a time (e.g., Hydra 96; Robbins Scientific, Sunnyvale, CA, USA) are used to accelerate workflow. The entire assay takes approximately 3.5 h to complete one plate of 84 samples and 12 standards. Of this, only about 1 h of analyst time is required. The remainder of the time is dedicated to the PCR amplification. Each additional plate of 84 samples can be added with approximately 45 additional minutes of setup and processing time.
In our current use of the primatespecific assay, the output of the fluorometer is exported to an Excel spreadsheet. The spreadsheet employs the Excel trendline function to calculate the template amount in each sample in a semi-automated fashion. These results are electronically transferred to a robot (BioRobot 9604; Qiagen, Valencia, CA, USA) that automates the dilution and transfer of all samples to a new microplate at the desired concentration. All samples starting with less than 1 ng/µL in the original tray can be transferred without dilution. Thus, all the samples are "PCR-ready" at this point and can be transferred to PCR amplification trays via multichannel pipettors or the Hydra liquid handler.
All of these features make the assay compatible with the application to forensic casework. In fact, our laboratory processes hundreds of forensic cases each month using this assay. We have quantified more than 15 000 sample preparations with the primate-specific assay in the past year and have found it to be very reliable in meeting our need for consistent quantification results.
This method can be performed without a fluorometer using an agarose gelbased detection scheme (data not shown). The visual comparison of amplified samples and amplified standards can be recorded following separation in a 1% agarose gel stained with SYBR ® Green (Molecular Probes) (14) . However, the working analysis range for gelbased sample detection is narrower than with fluorescence-based detection. Sample quantification can be estimated between the range from 0.2 to10 ng DNA.
Comparison with Other DNA Quantification Systems
We compared our primate-specific assay with a commercially available hybridization-based method and the total DNA fluorescent method, as described in the Materials and Methods section. The hybridization method allows for the simultaneous processing of 40 samples and eight DNA standards, which requires approximately 4.5 h to complete and demands the analyst's attention for nearly all of this time. With a 1-h film exposure time, quantification results over the full range from 0.1 to 40 ng DNA were achieved. Furthermore, the use of this method with up to 40 ng rhesus monkey or rabbit DNA generated a signal equivalent to no more than 2 ng human DNA. Up to 40 ng C. albicans or E. coli DNA produced no detectable signal in this assay. When mixing 10 ng each nonhuman DNA, respectively, with a 0.1-to 40-ng titration of human DNA, we did not observe any interference with the accurate detection of human DNA, except for the slight decrease in the signals of 0.2 and 0.5 ng human DNA template mixed with C. albicans.
The total DNA assay produced essentially linear quantification results over the range from 0.2 to 20 ng DNA (data not shown). The 0.1 ng DNA template could not be distinguished from the negative control. The 40-ng DNA sample was essentially indistinguishable from the 20-ng DNA template, presumably because the dye saturation limit of the assay was reached using our modified protocol. This approach detected human, rhesus monkey, rabbit, C. albicans, and E. coli DNA with similar efficiencies. Therefore, all DNA mixtures that were tested were quantified as total input DNA template amounts. This result was expected because the assay measures total dsDNA rather than human-specific DNA.
We have demonstrated that our primate-specific assay is superior to other commonly used quantification methods. In particular, the sensitivity range, human specificity, and high-throughput-compatible format make it an extremely useful tool in the analysis of forensic DNA samples.
We are currently working to expand the range and sensitivity of the method. We have investigated the amplification of the highly repeated primate-specific Alu sequences that are dispersed throughout the human genome (2) in place of the TH01 locus of the current assay. Quantification based on the amplification of Alu sequences utilizes the high copy number of these repetitive insertions to achieve greater sensitivity while cutting cycle number from the assay time. Recently published works (18, 21) that describe Alu-dependent amplification techniques suggest that we will be able to complete the development and validation of this more rapid method.
